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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States government. Neither the
United States government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United
States government or any agency thereof.
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Introduction

This report compiles the calibration results from a Broadband Outdoor Radiometer Calibration (BORCAL). The work was
accomplished at the Radiometer Calibration Facility shown on the front of this report. The calibration results reported here
are traceable to the World Radiometric Reference and to the National Institute of Standards and Technology.

This report includes these sections:

Calibration Environment - meteorological conditions and irradiance reference data encountered during the event.

Control Instruments - a group of instruments included in each BORCAL event that provides a measure of process
consistency.

¢ Results Summary - a table of all instruments included in this report summarizing their calibration results and
uncertainty.

Instrument Details - the calibration certificates and suggested methods of applying results for each instrument.

The BORCAL process is described in "Improved Methods for Broadband Outdoor Radiometer Calibration (BORCAL),"
Wilcox, S., Andreas, A., Reda, I., and Myers, D., Proceedings of the ARM Science Team Meeting, St. Petersburg, Florida,
April 2002.
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Reference Irradiance
0.0°/0.0° Tilt / Azm

Figure 1. Reference Irradiance
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Figure 2. Diffuse/ Global
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Meteorological Observations

Table 1. Meteorological Observations

Observations Mean
Temperature (°C) 22.54
Humidity (%) 29.46
Pressure (mBar) 812.3

Est. Aerosol Optical Depth (BB) 0.0611

Figure 4. Temperature
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Figure 6. Pressure
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Figure 3. Effective Net Infrared
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Figure 5. Humidity
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Figure 7. Estimated Broadband Aerosol Optical Depth
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Control Instrument History

Figure 8. Eppley FPP Control Instrument History
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Figure 9. Eppley NIP Control Instrument History
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Figure 10. Eppley PSP Control Instrument History
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Control Instrument History

Figure 11. Eppley PSP Control Instrument History (Effective Net IR Corrected)
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Results Summary

Table 2. Results Summary

RS@45 1 CF@45! u9s RSc@4512 CFc@4512  U95 corr. 2 RS net 3
Instrument (MVIW/m?2)  (W/m2/mV) (%) (MVIW/m?)  (W/m2/mV) (%) (UV/W/m?) Page
24191F3 7.9984 125.03 +3.17 /-6.10 nla nla nla n/a Al-2
Note: Ancillary Data for BORCAL starts on page Al-7. 1 CF =1000/Rs 2 Effective Net IR Corrected

3 Instrument's Effective Net IR Response
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Appendix 1
Instrument Details

Calibration Certificates: 2 Pages for each Pyrheliometer/Shaded Pyranometer and 3 Pages for each Unshaded Pyranometer.
Suggested Methods: 1 Page for each Pyrheliometer/Shaded Pyranometer and 2 Pages for each Unshaded Pyranometer.
Ancillary Data for BORCAL: Last Page of a Calibration Certificate. Note: This appears only once, at the end of Appendix 1.

BORCAL 2008-02 / NREL-SRRL-BSRN Al-1



National Renewable Energy Laboratory

Solar Radiation Research Laboratory

Metrology Laboratory

Test Instrument:

Model:

Calibration Date:

Customer:

Calibration Certificate

Precision Spectral Pyranometer Manufacturer: Eppley

PSP Serial Number: 24191F3
6/6/2008 Due Date: 6/6/2009
NREL-SRRL-BSRN Calibration Site Parameters: see Ancillary Data

Environmental Conditions: Outdoors, under natural sunlight (see Ancillary Data)

Data Acquisition Dates:

5/30, 6/6

Table 1. Traceability

Measurement Type Instrument Calibration Date Calibration Due Date
Beam Irradiance t Eppley Absolute Cavity Radiometer Model HF, S/N 31104 09/27/2007 09/27/2008
Diffuse Irradiance t Eppley Black and White Pyranometer Model 8-48, S/N 32858 04/06/2008 04/06/2009
Data Acquisition F NREL Data Proof Scanner System Model RAP-DAQ, S/N 2005-998 04/03/2008 04/03/2009
Data Acquisition F NREL Data Proof Scanner System Model RAP-DAQ, S/N 2005-999 04/03/2008 04/03/2009
t Traceable to the World Radiometric Reference
T Traceable to the National Institute of Standards and Technology
Number of pages of certificate: 4
Calibration [1] Myers, D., Stoffel, T., Reda, I., Wilcox, S., and Andreas, A., 2002, "Recent Progress in Reducing the Uncertainty in and Improving Pyranometer
Procedure: Calibrations." Journal of Solar Energy Engineering, vol. 124, pp. 44-50. The American Society of Mechanical Engineers, Transactions of the ASME.

[2] "Improved Methods for Broadband Outdoor Radiometer Calibration (BORCAL)," Wilcox, S., Andreas, A., Reda, |., and Myers, D., Proceedings of

the ARM Science Team Meeting, St. Petersburg, Florida, April 2002. Available upon request.

This calibration certificate applies only to the item identified above and shall not be reproduced other than in full, without specific written
approval by the calibration facility. Calibration certificates without signatures are not valid.

Calibrated by: Afshin Andreas, Bev Kay, Daryl Myers, Ibrahim Reda, and Peter Gotseff

Certified by:

Quality Assured by:

Ibrahim Reda

Title: Senior Scientist Il

BORCAL 2008-02 / Certificate

Daryl R. Myers

Title: Senior Scientist Il

Solar Radiation Research Laboratory 24191F3 Eppley PSP

Page 1 of 3
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Calibration Results
24191F3 Eppley PSP

Figure 1. Responsivity vs Incident Angle Figure 2. Responsivity vs Local Standard Time
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Table 2. Calibration Label Values
RS @ 45° (uVIW/m?) £ u95s (%) Tilt/ Azm
7.9984 +3.17 /-6.10 0.0°/0.0°
T Valid incident angle range: 30.0° to 60.0°
T Estimated thermal offset error during calibration = -20.000 W/m?
Table 3. Instrument Responsivity (RS) and Calibration Uncertainty (U95)
AM PM AM PM
Inc. RS u9s Azm. RS u9s Azm. Inc. RS u9s Azm. RS u9s Azm.
Anglet  (uV/W/m2) * (%) Anglet (MV/W/m2) * (%) Anglet  Anglet| (uV/W/m?) * (%) Anglet (UV/W/m?2) * (%) Anglet
0 N/A N/A N/A N/A N/A N/A 46 8.0278 0.62 97.40 7.9319 0.58 264.09
2 N/A N/A N/A N/A N/A N/A 48 7.9889 0.63 95.51 7.8750 0.63 265.89
4 N/A N/A N/A N/A N/A N/A 50 7.9404 0.64 93.70 7.8282 0.62 267.67
6 N/A N/A N/A N/A N/A N/A 52 7.8715 0.72 91.98 7.7689 0.63 269.39
8 N/A N/A N/A N/A N/A N/A 54 7.8457 0.66 90.27 7.7187 0.62 271.06
10 N/A N/A N/A N/A N/A N/A 56 7.7992 0.74 88.61 7.6816 0.63 272.67
12 N/A N/A N/A N/A N/A N/A 58 7.7245 0.79 86.98 7.6251 0.73 274.27
14 N/A N/A N/A N/A N/A N/A 60 7.6913 0.71 85.40 7.5515 0.81 275.80
16 N/A N/A N/A N/A N/A N/A 62 7.6704 0.75 83.86 7.4625 0.82 277.35
18 8.2410 0.67 172.43 8.2379 0.55 191.68 64 7.6437 0.87 82.31 7.3903 0.75 278.89
20 8.2618 0.73 150.43 8.2303 0.49 214.99 66 7.5951 0.85 80.77 7.3548 0.71 280.44
22 8.2458 0.55 139.78 8.2191 0.48 224.32 68 7.5981 0.89 79.21 7.3010 0.83 281.97
24 8.2351 0.53 132.36 8.2087 0.46 230.82 70 7.5978 0.96 77.69 7.1825 1.33 283.51
26 8.2110 0.54 127.37 8.1870 0.48 236.09 72 7.4411 1.35 76.13 7.0597 1.41 285.06
28 8.2175 0.52 122.04 8.1744 0.46 240.49 74 7.3428 1.42 74.57 6.8954 1.37 286.60
30 8.2008 0.52 118.04 8.1592 0.50 244.33 76 7.1725 1.63 72.97 6.7241 1.64 288.19
32 8.1817 0.55 114.57 8.1380 0.51 247.60 78 7.0020 1.59 71.36 6.5691 1.78 289.79
34 8.1512 0.57 111.40 8.1039 0.54 250.57 80 7.0003 1.94 69.74 6.3065 3.04 291.44
36 8.1291 0.53 108.61 8.0587 0.49 253.26 82 N/A N/A N/A 5.9028 4.47 293.11
38 8.1191 0.55 106.04 8.0347 0.50 255.71 84 N/A N/A N/A 5.2411 7.92 294.84
40 8.1028 0.56 103.67 8.0190 0.49 258.01 86 N/A N/A N/A 4.2083 N/A 296.60
42 8.0851 0.56 101.44 7.9882 0.53 260.13 88 N/A N/A N/A N/A N/A N/A
44 8.0535 0.59 99.37 7.9651 0.51 262.17 90 N/A N/A N/A N/A N/A N/A

t Angle of incidence (degrees)
T Average azimuth angle for £0.3° of incidence angle
N/A - Not Available

BORCAL 2008-02 / Certificate Solar Radiation Research Laboratory 24191F3 Eppley PSP Page 2 of 3
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Effective Net Infrared Corrected Calibration Results
24191F3 Eppley PSP

Figure 3. Responsivity vs Incident Angle

Figure 4. Responsivity vs Local Standard Time
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Table 4. Net IR Corrected Calibration Label Values
RSc @ 45° (uV/IW/m?) u95s (%) Tilt/ Azm
N/A N/A 0.0°/0.0°
T Valid incident angle range: N/A
1 RSnet = N/A
Table 5. Net IR Corrected Instrument Responsivity (RS) and Calibration Uncertainty (U95)
AM PM AM PM
Inc. RSc u9s Azm RSc u9s Azm. Inc. RSc u9s Azm. RSc u9s Azm
Anglet  (uV/W/m2) * (%) Anglet (MV/W/m2) * (%) Anglet  Anglet| (uV/W/m?) * (%) Anglet (UV/W/m?2) * (%) Anglet
0 N/A N/A N/A N/A N/A N/A 46 N/A N/A N/A N/A N/A N/A
2 N/A N/A N/A N/A N/A N/A 48 N/A N/A N/A N/A N/A N/A
4 N/A N/A N/A N/A N/A N/A 50 N/A N/A N/A N/A N/A N/A
6 N/A N/A N/A N/A N/A N/A 52 N/A N/A N/A N/A N/A N/A
8 N/A N/A N/A N/A N/A N/A 54 N/A N/A N/A N/A N/A N/A
10 N/A N/A N/A N/A N/A N/A 56 N/A N/A N/A N/A N/A N/A
12 N/A N/A N/A N/A N/A N/A 58 N/A N/A N/A N/A N/A N/A
14 N/A N/A N/A N/A N/A N/A 60 N/A N/A N/A N/A N/A N/A
16 N/A N/A N/A N/A N/A N/A 62 N/A N/A N/A N/A N/A N/A
18 N/A N/A N/A N/A N/A N/A 64 N/A N/A N/A N/A N/A N/A
20 N/A N/A N/A N/A N/A N/A 66 N/A N/A N/A N/A N/A N/A
22 N/A N/A N/A N/A N/A N/A 68 N/A N/A N/A N/A N/A N/A
24 N/A N/A N/A N/A N/A N/A 70 N/A N/A N/A N/A N/A N/A
26 N/A N/A N/A N/A N/A N/A 72 N/A N/A N/A N/A N/A N/A
28 N/A N/A N/A N/A N/A N/A 74 N/A N/A N/A N/A N/A N/A
30 N/A N/A N/A N/A N/A N/A 76 N/A N/A N/A N/A N/A N/A
32 N/A N/A N/A N/A N/A N/A 78 N/A N/A N/A N/A N/A N/A
34 N/A N/A N/A N/A N/A N/A 80 N/A N/A N/A N/A N/A N/A
36 N/A N/A N/A N/A N/A N/A 82 N/A N/A N/A N/A N/A N/A
38 N/A N/A N/A N/A N/A N/A 84 N/A N/A N/A N/A N/A N/A
40 N/A N/A N/A N/A N/A N/A 86 N/A N/A N/A N/A N/A N/A
42 N/A N/A N/A N/A N/A N/A 88 N/A N/A N/A N/A N/A N/A
44 N/A N/A N/A N/A N/A N/A 90 N/A N/A N/A N/A N/A N/A
t Angle of incidence (degrees)
T Average azimuth angle for £0.3° of incidence angle
N/A - Not Available
BORCAL 2008-02 / Certificate Solar Radiation Research Laboratory 24191F3 Eppley PSP Page 3 of 3
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Suggested Methods of Applying Calibration Results
24191F3 Eppley PSP

Listed below are the results for the methods documented in "Improved Methods for Broadband Outdoor Radiometer Calibration
(BORCAL)," Wilcox et al., Proceedings of the ARM Science Team Meeting, St. Petersburg, Florida, April 2002. Computing the
net infrared corrected solar irradiance is documented in "Using a Blackbody to Calculate Net Longwave Responsivity of Shortwave
Solar Pyranometers to Correct for Their Thermal Offset Error during Outdoor Calibration using the Component Sum Method,"
Reda et al., Journal of Atmospheric and Oceanic Technology V. 22 (10), pp. 1531-1540, October 2005.

In all cases, the solar irradiance is calculated from the instrument responsivity using one of these equations:
V /RS

IRR

IRR (corr.) =

where,
IRR
\%
RS

(V - Wnet * RSnet) / RSc

1. Two-degree Responsivities:

2. AM and PM Responsivity Functions:

solar irradiance (Watts per square meter),
radiometer output voltage (microvolts),
responsivity of the radiometer (uV/W/m?2),

IRR (corr.)

Whnet
RSnet
RSc

(1]
(2]

= effective net infrared corrected solar irradiance (W/m2),

= effective net infrared measured by pyrgeometer (W/m?2),
= pyranometer net infrared response (LV/W/m?), see Table 4,
= effective net infrared corrected responsivity (UV/W/m2).

Responsivities are obtained from Certificate Table 3 or 5. See Note 1 on next page.

Figure 1. Responsivity Function

See Note 1 on next page.

8.3 i
RS (am) = a a.» cos (1)
g70 i=0
Soo [3]
=
250 o .
= i
z RS (pm) = a b« cos'(l)
©4.0- J
3 =0
e =
3.0-
2.17 I I I I I I I I | | | | | | | | | | 101 . .
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 where the coefficients ajand b jare
Incident Angle (degrees) available upon request.
Figure 2. Net IR Corrected Responsivity Function The quality of the function fit to data is
55.00- shown in Figure 1 and 2.
54.00-
g Table 1. Function Validity
5 52.00-
> AM PM
2 Not Available
250.00- Uncertainty U95 (%) +2.39 +2.39
=
2 R2 0.9999982 0.9999993
8.48.00-
§ Valid incidence angle range 17.8°to 80.8° 17.4° to 85.9°
46.00- Net IR corr. uncert. U95 (%) N/A N/A
45.00 | | | | | | | | | I I | | | | | | | Net IR corrected R2 N/A N/A
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Incident Angle (degrees) Corr. valid inc. angle range N/A N/A
3. Nine-degree Bin Responsivity: See Note 1 on next page.
Table 2. Nine-degree responsivities
Responsivity Net IR Corr. Responsivity
Inc. AM PM Combined AM PM Combined
Angle RS u95 (%) RS u95 (%) RS u95 (%) RSc U95 (%) RSc U95 (%) RSc U95 (%)
(HV/IW/m2) (HV/IW/m2) (HV/IW/m2) (LV/W/m2) (LV/IW/m2) (LVIWI/m2)
0-9 8.2812 * 8.2815 * 8.2814 * N/A N/A N/A N/A N/A N/A
9-18 8.2530 * 8.2530 * 8.2530 * N/A N/A N/A N/A N/A N/A
18-27 8.2403 +2.40 8.2156 +2.41 8.2279 +2.47 N/A N/A N/A N/A N/A N/A
27-36 8.1832 +2.44 8.1384 +2.48 8.1608 +2.70 N/A N/A N/A N/A N/A N/A
36-45 8.0967 +2.44 8.0106 +2.48 8.0536 +2.85 N/A N/A N/A N/A N/A N/A
45-54 7.9522 +2.68 7.8433 +2.76 7.8977 +3.70 N/A N/A N/A N/A N/A N/A
54-63 7.7377 +2.67 7.6018 +3.01 7.6698 +4.42 N/A N/A N/A N/A N/A N/A
63-72 7.5967 +2.56 7.2940 +3.32 7.4453 +6.04 N/A N/A N/A N/A N/A N/A
72-81 7.1763 * 6.6898 +6.56 6.9330 * N/A N/A N/A N/A N/A N/A
81-90 6.9956 * 4.3652 * 5.6804 * N/A N/A N/A N/A N/A N/A
* The responsivity is based on extrapolated data and the corresponding uncertainty is undefined.
BORCAL 2008-02 / Suggested Methods Solar Radiation Research Laboratory 24191F3 Eppley PSP Page 1 of 2
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4. The Single Responsivities:  See Note 1 below.

Table 3. Single Responsivities Figure 2. History of instrument at | = 45°
Responsivity RS uos t 8.240-
Characterization  (uV/W/m2) (%) e
45° 7.9984 +3.17/-6.10 8.200-
45° - 55° 7.8790 +3.24 8.175-
Composite 8.0103  +3.89/-44.03 T
S 8.150-
45° (Net IR Corr.) N/A N/A S
45° - 55° (Net IR Corr.) N/A N/A :-:8‘1257
Composite (Net IR Corr.) N/A N/A '§ 8.100-
t Valid incident angle ranges: §3_0757
45°; 30.0° to 60.0°
45° - 55°  45.0° to 55.0° 8.0507
Composite: 17.8° to 80.8° 8.025-
The instrument responsivity at | = 45° may
be used to monitor instrument stability. 7‘9296)6‘3_01 2004-01 2005-02 2007-01
The instrument's history at | = 45° is BORCAL
shown in Figure 2.
x RS o Net IR Corrected RS
5. Latitude Optimized Responsivity: See Note 1 below.
Table 4. Latitude Optimized Responsivities Figure 3. Latitude Optimized Responsivities
RS Error estimate* RSC Error estimate* 3-0177
Latitude (pV/W/m2) (%) (HV/W/m2) (%)
Net IR Corr.  Net IR Corr. 7.9-
0 7.9765  +4.59 / -66.66 N/A N/A
5 7.9738  +4.62/-66.65 N/A N/A 7.8-
10 7.9652  +4.72/-66.61 N/A N/A -
15 7.9510  +4.88/-66.55 N/A N/A §7-7*
20 7.9315  +5.10/ -66.47 N/A N/A =
25 7.9051  +5.40 / -66.36 N/A N/A ,§7-6*
30 7.8720  +5.69/-66.22 N/A N/A g
35 7.8337  +6.00/-66.05 N/A N/A 775
40 7.7902  +6.44 / -65.86 N/A N/A =
45 7.7415  +7.05/ -65.65 N/A N/A 1.4~
50 7.6832  +7.34/-65.39 N/A N/A
55 7.6171  +7.94/-65.09 N/A N/A 7.3-
60 7.5490  +8.06 / -64.77 N/A N/A
65 7.4784  +8.57 | -64.44 N/A N/A 727 0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
70 7.3889  +8.96 / -64.01 N/A N/A Latitude (degrees)
75 7.3008  +8.68/-63.57 N/A N/A
80 7.2348  +8.02/-63.24 N/A N/A * RS © Net IR Corrected RS
85 7.2051  +6.95/-63.09 N/A N/A
90 7.2034  +6.21/-63.08 N/A N/A

* Uncertainty is undefined

Application of the responsivities and uncertainties: Instrument's Effective Net Infrared History (RSnet):

- . . . Figure 4. Instrument's RSnet History
The responsivities above are applied according to equation [1]:

55.00-
Example B
Instrument responsivity (RS) = 7.34 pV/IW/m2 +2.7% gsz.oo—
Instrument output voltage (V) = 0.00624 V (6240 pV) 550 00 N/A
= . N
Irradiance (IRR) =V /RS = 6240/ 7.34 = 850.1 W/m2 +2.7% et
Thus, at the 95% confidence level, the irradiance o 48.00-
lies between 827.1 and 873.1 W/m? 46.00-
45.00~ |
Note 1: N/A
BORCAL

All above methods, in conjunction with knowledge of the

I
2008-02

I 1
85 90

net infrared and sky irradiance distribution, may be used to determine the effective instrument responsivity with less uncertainties.
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Ancillary Data for BORCAL 2008-02
Calibration Facility: Solar Radiation Research Laboratory

Latitude: 39.740°N Longitude: 105.180°W Elevation: 1829.0 meters AMSL Time Zone: -7.0

Reference Irradiance: 0.0°/0.0° Tilt/ Azm
Figure 1. Reference Irradiance
1200- o )
o Global The reference global irradiance (G) is
1100- ° ©'oba .
+ Direct calculated using: G = B * Cos () + D,
1000 where | is the refraction-corrected
900~ solar incidence angle.
800~

700~
600-
500~
400~
300-
200~
100-

Irradiance (W/m?2)

ol I I I I I I I I I I I I I I I I
04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Local Standard Time

Meteorological Observations:

Figure 2. Temperature Figure 3. Humidity

30- 60- %
50- S
gx - £
® < 40- a?
5 =y
8 g s
g € 30- 3
Qo >(>< X X >§§<
~ 15- 20- §>;>i§§z§%x x X
R
107\ I I I I I I I I 107\ I I I I I I I I
04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00
Local Standard Time Local Standard Time
Figure 4. Pressure Figure 5. Effective Net Infrared
820- -90-
__-100-
£
=815~ S
& S 120
£ x
o 810- I
3 Z -140-
¢ £
r |53
O 805- £ -160-
w
8007 I I I I I I I I '1807 I I I I I I - I I
04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00
Local Standard Time Local Standard Time
Figure 6. Estimated Broadband Aerosol Optical Depth xPIR o PIR-V
0.20-
- ) )
E0.15- Table 1. Meteorological Observations
‘_DU Observations Mean
é 0.10- Temperature (°C) 22.54
(@]
E] Humidity (%) 29.46
§ 0.05- ek St Pressure (mBar) 812.3
Est. Aerosol Optical Depth (BB) 0.0611
0007\ I I I I I I I I
04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00

Local Standard Time

For other information about the calibration facility visit:  http://www.nrel.gov/srrl
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Appendix 2
BORCAL Notes

Instrument, Configuration, and Session Notes for the BORCAL
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BORCAL Notes

Facility: Solar
Comment s:

Radi ati on Research Laboratory

Avg. Station Pressure & Tenperature is for Denver,

(SPA) .

BORCAL 2008-02 / NREL-SRRL-BSRN

CO, which is used for the Sol ar

Posi tion Al gorithm



